ABSTRACT A refractile body antigen (designated SO7′) found in sporozoites of Eimeria tenella was administered to chickens in various immunizing forms to assess its ability to protect against virulent challenge. These included native antigen from the parasite (viable oocysts; per os), recombinant antigen (CheY-SO7′; s.c.), and naked DNA immunization (pcDNA3-SO7′; i.m.). Male White Leghorn chicks were inoculated with oocysts or injected with one of the forms of SO7′ antigen at 1 wk of age, boosted at 3 wk of age with the same treatment, and subsequently challenged at 5 wk of age with oocysts of Eimeria tenella USDA Strain 80. Seven days postchallenge, chicks were killed, and weight gains and lesion scores
INTRODUCTION
Eimeria tenella is one of the four principal coccidial pathogens infecting domestic fowl in North America (Long and Reid, 1982) . It is an obligate, intracellular protozoan parasite of chickens and is the cause of cecal coccidiosis. Since the 1950s, the poultry industry has used anticoccidial compounds to control this disease. However, the continued development of drug resistance (Chapman, 1986; Greif et al., 1996; Martin et al., 1997) has resulted in reexamination of other types of coccidial control. Birds rapidly become immune through natural infection; therefore, attempts have been made to develop live vaccines, attenuated vaccines, and, most recently, nonviable vaccines (Vermeulen, 1998) . Nonviable vaccines have thus far failed to elicit protection comparable with that of live vaccination, perhaps because of improper presentation of antigen to the immune system (Danforth and Augustine, 1985; Crane et al., 1991; Danforth et al., 1993) . Observations that cellular immunity may be central to successful protection against coccidial challenge (Rose and Hesketh, 1979; Lillehoj, 1987; Schito et al., 1996) suggested that a 1 To whom correspondence should be addressed: jbarta@uoguelph.ca.
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were determined and compared with those of the controls. Significant protection against cecal lesions and weight loss was noted in birds inoculated with oocysts or injected with pcDNA3-SO7′ (25 µg). Birds injected with other doses of pcDNA3-SO7′ (12.5, 50, 60, and 100 µg) showed no reduction in cecal lesions and maintained poor rates of growth similar to controls. The recombinant antigen (CheY-SO7′) was also nonprotective. These results offer promise to the use of DNA immunization strategies for controlling avian coccidiosis and show for the first time naked DNA vaccination with a single coccidial antigen that protects chickens (as measured by reduced lesion scores and high rate of growth) against cecal coccidiosis. method was needed that preferentially elicited a cytotoxic T-lymphocyte response. Recent observations on the efficacy of DNA-based vaccine strategies (Bernd, 1997) and preliminary observations on their mode of stimulation of the immune response (Corr et al., 1996) have suggested that DNA-based vaccination might be such a method.
One candidate antigen for the development of an anticoccidial DNA-based vaccine is SO7′ (Profous-Juchelka et al., 1988) , found within refractile bodies of sporozoites and recognized by monoclonal antibody (mAb) 1209 (Danforth and Augustine, 1983) . Indirect immunofluorescent antibody tests reveal that SO7′ contains an epitope common to all Eimeria species infecting the domestic fowl (Danforth and Augustine, 1983; Abrahamsen et al., 1994; Vermeulen, 1998) as well as to other coccidia including Lankesterella minima, a parasite of anurans (Herzenberg et al., 1995) . The SO7′ gene has been sequenced and found to possess both B and T cell epitopes (Profous-Juchelka et al., 1988) . It is highly immunogenic and elicits a strong antibody response in birds during natural infections (Tennyson, 1994) .
In this study, various forms of the SO7′ antigen (viable parasites, proteinaceous recombinant antigen, and plas-mid-encoded antigen) were administered to chickens. These immunization strategies were assessed biologically (via cecal lesion scores and growth performance) for their ability to protect against oral challenge with a virulent strain of E. tenella.
MATERIALS AND METHODS

Monoclonal Antibody 1209
The cloned murine monoclonal cell line that secretes monoclonal antibody 1209 (subclass IgG 2a ) was provided by H. D. Danforth, USDA, Beltsville, MD 20705 (see Danforth and Augustine, 1983) .
Parasites
Propagation of Eimeria tenella Oocysts. BarredRock × White Leghorn chicken crosses (University of Guelph strain) 6 to 9 wk of age were used to obtain oocysts of Eimeria tenella USDA Strain 80. Birds were raised free of coccidia and provided access ad libitum to food and water. Determination of infective doses of parasite, recovery of oocysts from infected chickens, and subsequent sporulation of oocysts were conducted according to the protocol described by Long et al. (1976) .
CheY-SO7 ′-Fusion Protein Expression and Purification. By using a modification of the method described by Crane et al. (1991) , the fusion protein CheY-SO7′ was expressed in Escherichia coli from the prokaryotic expression vector CheY-SO7′ [refer to Crane et al. (1991) Catalog No. AI300) for 30 min. For 30 min, the membrane was exposed to a 1:1,000 dilution of monoclonal antibody (mAb) 1209 in 50:50 wash:blocking buffer. After washing in wash buffer, an alkaline phosphatase-labeled goat antimouse IgG 10 (1:10,000 dilution) was added to the membrane for 15 min. The membrane was washed and incubated in chemiluminescent substrate for alkaline phosphatase (CSPD-Disodium 3-(4-methoxyspiro[1,2-dioxetane-3,2′-(5′-chloro)-tricyclo[3.3.1.1 3, 7 ]decan]-4-yl)phenyl phosphate 9 (Catalog No. CD010) substrate solution for 5 min and exposed to radiographic XAR5 Imaging film (Kodak Catalog No. 875 8252) 11 until bands appeared. A replica of the gel prepared above was silver-stained according to the method of Peng et al. (1995) . The purified CheY protein was also analyzed as above.
Construction of the Recombinant DNA pcDNA3-SO7 ′. The DNA from plasmid CheY-SO7′ was isolated and purified using the IDPure Plasmid Kit 12 (Catalog No. ID1010100) as per the manufacturer's instructions. The DNA was quantified using a UV/VISIBLE spectrophotometer. 13 The purified DNA, CheY-SO7′, was cleaved using the restriction enzyme (Sambrook et al., 1989) .
To ensure that the SO7′ insert was in the proper orientation and reading frame, clones containing inserts of the appropriate size were sequenced on an ABI Prism 377 Automated DNA Sequencer by Guelph Molecular Supercentre. 17 The T7 universal primer was used as the forward primer, and 5′-AGAAGGCACAGTCGAGGCTG-3′ was used as the reverse sequence primer to obtain the sequence of the insert in both directions. Large-scale production of purified pcDNA3-SO7′ was performed using the PurePrep Macro Plasmid Purification Kit 14 (Catalog No. 27-5210-01) as per manufacturer's instructions, and purified plasmid was stored at −20 C.
Chicken Immunization Trials
Male White Leghorn chickens (Shaver strain) 18 were used in this study. Birds were obtained as day-old chicks and reared in the Class 2 OMAFRA (Ontario Ministry of Agriculture, Food and Rural Affairs) isolation facility of the University of Guelph. Feed and water were available ad libitum throughout the experiment. In a preliminary experiment (Experiment 1), 1-wk-old birds were randomly distributed by weight into eight groups of three 12 I.D. Biotechnology Labs, London, Ontario, Canada N6A 5K2. birds to give an even weight distribution among groups (Gardiner and Wehr, 1950) . Birds were placed in Horsfal units sterilized with ammonia, and each Horsfal unit was provided with filtered air. The 1-wk-old chickens were treated as follows: Group 1 birds acted as a negative control and were inoculated orally with PBS; Groups 2, 3, and 4 birds were injected i.m. (breast) with 25 µg, 60 µg, or 100 µg of pcDNA3-SO7′ in PBS, respectively. Group 5 birds acted as the negative control for pcDNA3-SO7′ and were injected i.m. with 100 µg of pcDNA3 in PBS; Group 6 birds were injected s.c. (nape of neck) with 1 µg of the purified antigen CheY (negative control for CheY-SO7′) mixed with Freunds Incomplete Adjuvant 19 (Catalog No. 15720-014) using a B-D Multifit Homogenizer. Group 7 birds were injected s.c. (nape of neck) with 1 µg of recombinant antigen CheY-SO7′ prepared in the same manner as that described for antigen given to Group 6 birds. The positive controls, Group 8 birds, were inoculated orally with 2,500 oocysts of E. tenella USDA Strain 80. All birds were checked for fecal oocyst production throughout the trial. Only the positive control birds (Group 8) shed any oocysts, confirming that none of the birds had been exposed to viable oocysts except birds of that group. At 2 wk postinoculation (p.i.), identical treatments were repeated for all birds in each group. Two wk after this second treatment, all birds were each challenged orally with 2,500 oocysts of E. tenella USDA Strain 80. Seven days after challenge, birds were killed, and their ceca were examined for coccidial lesions and scored from 0 to 4 according to the criteria described by Johnson and Reid (1970) . On every seventh day throughout the experiment, individual body weights were obtained, starting at the day of first treatment, up to and including the termination of the experiment.
For Experiment 2, inoculations, injections, and challenges were performed as described above. The doses of pcDNA3-SO7′ used were changed from 25, 60, and 100 µg to 12.5, 25, and 50 µg. Groups consisted of 10 birds each and were raised on the floor in disinfected rooms with feed and water provided ad libitum. Weight gains and cecal lesions were determined as before.
Statistical Analysis
The weight gains and lesion scores from each experiment were subjected to analysis of variance using the protected LSD method (see Steel et al., 1997) to determine the effects of treatments. A probability of P < 0.05 was considered significant.
RESULTS
Confirmation of Purified Fusion Protein CheY-SO7 ′ Using Western Blotting and Silver Staining
Silver stain analysis of purified CheY-SO7′ revealed a fusion protein with relative rate of migration (M r ) indicating an appropriate molecular mass of 36 kDa (Crane et al., 1991) . Western blot transfer and immunological detection using mAb 1209 (primary antibody) and alkaline phosphatase-conjugated antibody (secondary antibody) enabled detection of purified fusion protein CheY-SO7′. A band with an M r of approximately 36 kDa reacted strongly with mAb 1209 (data not shown).
Silver-stained gels containing electrophoretically separated samples of purified CheY demonstrated a few weakly stained bands. One of these had an M r of appropriately 13 kDa, consistent with the CheY recombinant protein (Crane et al., 1991) . Monoclonal antibody 1209 did not react with the purified CheY protein on Western blot analysis (data not shown).
Protective Immunity Against Coccidiosis
Lesion Scores. In the preliminary experiment, cecal lesions evaluated at 7 d postchallenge ( Figure 1A) were least severe (averaging <1.0) in birds inoculated per os with oocysts or injected with low dose pcDNA3-SO7′ (25 µg) relative to their respective controls. In birds injected with higher doses of pcDNA3-SO7′, the lesion scores after challenge were more severe. Birds injected with the recombinant antigen (CheY-SO7′) had mean lesion scores ranging from 1.5 to 2.0, similar to those seen in the CheY control.
Cecal lesion scores in the second study ( Figure 1B ) were similar to those seen in the preliminary trial. Lesion scores were least severe with the oocyst positive control group, which had a mean lesion score of 0 (significantly lower than the PBS control birds). Birds injected with the 25 µg pcDNA3-SO7′ had a mean lesion score (1.8) significantly less than the pcDNA3 control. All other groups had mean lesion scores >2 and were not significantly different from their respective controls. Figure 2 shows in detail the distribution of lesion severity among birds. The oocyst positive control group was well protected (100% of birds were free of lesions). In contrast, the majority (80%) of birds in the PBS negative control group demonstrated moderate (lesion score of 2.0 to 2.9) to severe (lesion score of 3.0 to 4.0) lesions. In the 12.5 µg pcDNA3-SO7′ group, all of the birds developed lesion scores ≥2.0. However, the majority (50%) of birds injected with the 25 µg dose showed only minor damage to their cecal mucosal tissue, as evidenced by lesion scores <2.0. The 50 µg pcDNA3-SO7′ group followed the trend observed for the first set of experiments in which protection decreased with larger doses of pcDNA3-SO7′ (80% of birds developed lesion scores ≥2.0). Some evidence of protection was found in the CheY-SO7′-treated chickens; 40% had lesions <2.0. The corresponding CheY-treated control birds had lesions ≥2.0 in 80% of the birds. For both experiments, variances did not differ significantly between groups.
Chicken Weight Gains. Average daily weight gain (grams) in chickens from day of challenge to 7 d following challenge are summarized in Table 1 for each treatment. Chickens were treated at 1 wk and 3 wk of age, and were challenged at 5 wk of age with 2.5 × 10 3 oocysts of Eimeria tenella USDA Strain 80.
The average daily weight gain was greatest in birds inoculated with 25-and 100-µg doses of pcDNA3-SO7′; however, these birds did not demonstrate rates of growth that were significantly greater than that of the pcDNA3 control group. The small sample size resulted in no significant differences between any groups in the first experiment.
In the second experiment (Table 2) , birds treated with oocysts or the 25-µg dose of pcDNA3-SO7′ showed significantly higher average daily weight gains than did the controls (PBS and pcDNA3, respectively). The average daily weight gain of birds injected with recombinant antigen (CheY-SO7′) was not significantly higher than the CheY-negative control group.
DISCUSSION
Experiments were conducted to assess the effects of the route of administration and form of a single coccidial antigen (refractile body antigen SO7′) on the resulting immune response of birds. This response was measured using biological indicators of immunological protection against coccidial challenge. Specifically, birds were challenged with virulent parasites, and the rate of growth and degree of protection (if any) from cecal lesions were determined.
Other than natural infections induced by oocysts administered per os, intramuscular injection with the 25-µg Chickens were treated at 1 wk and 3 wk of age, and were challenged at 5 wk of age with 2.5 × 10 3 oocysts of Eimeria tenella USDA Strain 80.
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Significantly different from the pcDNA3 control birds (Group 5) at P < 0.05.
3
Significantly different from the PBS control birds (Group 1) and all other treatment groups at P < 0.05. dose of plasmid DNA containing the SO7′ insert under the control of a viral promoter induced the greatest level of protection against challenge with E. tenella infection. In both experiments, lesion scores were reduced to 0 to 1.5 in more than 50% of the chickens. In comparison, 90% of the control chickens showed a moderate to severe degree of infection (lesion score range 2.0 to 4.0). Decreased damage to the cecal mucosa in chickens injected with 25 µg pcDNA3-SO7′ suggests the involvement of an immune effector mechanism that may have resulted in attrition or inhibition of development of early stages of the parasite life cycle such as sporozoites or first-generation merogonic stage. The inability of this plasmid DNA to significantly decrease lesion scores in 100% of the vaccinated subjects may be attributed to variability in expression of the recombinant antigen among birds in a single experiment and between experiments.
Chickens injected with 12.5 µg pcDNA3-SO7′ and high doses of pcDNA3-SO7′ (50, 60, or 100 µg) demonstrated severe lesions comparable with those of the pcDNA3 control (100 µg). Previous immunization studies (H. ProfousJulchelka and M. Hozza, 1993, Merck & Co., Inc., PO Box 2000, R8OY-265, Rahway, NJ 07065, personal communication) have found that multiple injections of 100 µg of plasmid DNA (RSV expression vector containing SO7′ gene) did not elicit protection against lesion scores in challenge infections. A possible explanation for the lack of protection with the high doses of pcDNA3-SO7′ may be derived from studies on DNA vaccines in other systems. Mice immunized with different doses of a Plasmodium yoelli circumsporozoite protein DNA-based vaccine exhibited a dose-related response in which antibody levels increased with greater amounts of injected DNA (Gramzinski et al., 1997) . By analogy, doses of pcDNA3-SO7′ >25 µg may be inducing primarily an antibody response that has been shown to play only a minor role in protection against coccidial infection (Rose et al., 1984; Augustine and Danforth, 1986) . The inability to protect chickens with the 12.5-µg dose of pcDNA3-SO7′ may be due to expression of the antigen at levels insufficient to elicit any immune response and would explain why lesions and weight gains were similar to those of the PBS controls.
Most chickens treated with the recombinant antigen (CheY-SO7′) were not protected against cecal lesions. Past studies on immunization of chickens with CheY-SO7′ (Crane et al., 1991) showed that a single dose, without adjuvant, protected against severe coccidiosis induced by infection with E. tenella. In addition, chickens treated with CheY-SO7′ exhibited protection against challenge with heterologous species (Eimeria acervulina, Eimeria maxima, and Eimeria necatrix). However, the mean lesion score was never reduced below 1.5, indicating that immunization with the fusion protein CheY-SO7′ only elicited a low level of protection. In our studies, the dose of CheY-SO7′ (1 µg) was comparable with that used by Crane et al. (1991) . According to their reports, increasing the dose of CheY-SO7′ would not have improved the observed protection in this study. Differences in the type of chicken used in the present experiment (White Leghorn layers vs production broilers) or antigen delivery (with or without adjuvant) may explain the differences in response to the same recombinant antigen observed in the present experiments and by Crane et al. (1991) .
Another biological measure used to assess protection against coccidial infection in chickens is weight gain following challenge. Protection against coccidial challenge is indicated by a high average daily weight gain as seen with the oocyst group, which was immunized multiple times with the parasite throughout the experiment. The negative control group (PBS) had a significantly lower rate of growth than the oocyst-positive control in the second immunization trials. The only experimental group to exhibit weight gain significantly greater than their negative control group was the 25 µg pcDNA3-SO7′ treatment group in the second set of experiments. Again, treatment with the 25 µg pcDNA3-SO7′ induced an intermediate response between pcDNA3 (negative control) and oocyst (positive control) treatments, as was seen with lesion scores. The only study with a coccidial subunit vaccine to demonstrate some degree of protection against both weight loss and lesion scores in birds was one using a fusion protein containing a merozoite surface antigen (MZ250) (Jenkins et al., 1991) .
Overall, these immunization trials demonstrate that the viable parasite form (oocyst) is still the most effective means of immunizing chickens against challenge infections with E. tenella. However, our study demonstrated that a carefully titrated dose of a refractile body antigen delivered to chickens in a DNA-based vaccine construct was able to elicit an immune response that provided significant biological protection (as measured by lesion score reduction and maintained high rate of growth) against virulent E. tenella challenge. This result is the first demonstration of naked DNA vaccination that works in chickens against cecal coccidiosis. These results provide encouragement that cloned coccidial antigens, singly or more likely in combination, may be included in a commercially viable, subunit vaccine against avian coccidiosis (Jenkins, 1998; Vermeulen, 1998) . The lack of efficacy of the previous attempts at vaccination using recombinant antigens may be more related to the form of the antigen and its route of delivery to the birds than to the intrinsic immunogenicity of these recombinant coccidial proteins. The DNA vaccination may be preferable to proteinaceous antigens because of the relative ease of production, administration, and storage compared with recombinant proteins.
